Ventricular form and function are interrelated during cardiovascular development. The study of muscle mechanics requires the real-time measurement of length, area, or volume. Because volume measures are not currently possible in the embryonic heart, we tested the hypothesis that end-diastolic (ED) (Circulation Research 1990;66:109-114) In the chick embryo model, investigators can analyze cardiac development from before the onset of organized contraction through the completion of cardiac morphogenesis.' Despite its structural simplicity, the embryonic heart displays many of the functional characteristics of the mature heart as it develops from a three-cell-thick muscle-wrapped tube into the mature four-chambered structure. Heart rate, blood pressure, and stroke volume are tightly regulated during cardiac development. 
In the chick embryo model, investigators can analyze cardiac development from before the onset of organized contraction through the completion of cardiac morphogenesis.' Despite its structural simplicity, the embryonic heart displays many of the functional characteristics of the mature heart as it develops from a three-cell-thick muscle-wrapped tube into the mature four-chambered structure. Heart rate, blood pressure, and stroke volume are tightly regulated during cardiac development.2 We are currently exploring the end-systolic (ES) relation of ventricular pressure and area in the embryonic heart as a load-independent measure of myocardial function. In the mature heart, pressure-volume analysis has provided a flexible model for the study of ventricular elastance3 and performance.4 This approach complements our long-term investigation of the interrelation of form and function in the developing heart.
The instantaneous measurement of in vivo ventricular volume is not currently possible in the 1-mm-diameter chick embryo heart. Previous studies have applied the model of a prolate ellipse to (Tables 1-3) .
The shortening fractions for area and perimeter increased from stages 12 to 16 then declined. The relation of conotruncal shortening to stage differed qualitatively and peaked at stage 18 ( Figure 4 ).
Discussion
Accurate measurement of embryonic hemodynamic function is possible despite the technically challenging small size of the embryonic heart. We used a glass capillary servo-null pressure system and single crystal 20 MHz pulsed-Doppler meter to measure blood pressure and blood flow in the chick embryo during cardiac morphogenesis.29 Our study of epicardial ventricular measures across a 32-fold increase in ventricular weight tested the validity of these video measures as useful indexes of ventricular mass and function.
The atrioventricular and conotruncal cushions function as valves during the cardiac cycle to facilitate forward blood flow. We noted that the conotruncal cushions were separated by end diastole in stage 12 to stage 18 chick embryos and that retrograde filling of the ventricle from the conotruncus occurred only in stage 12 embryos. Forward flow through the conotrun- STROKE VOLUME (mm3) cal cushions occurred only after the onset of active ventricular contraction. These observations suggest that ventricular-vascular coupling is present early in cardiac development and that coupling is maintained despite rapid changes in ventricular and vascular resistance and compliance during cardiac morphogenesis. The effects of acute and chronic altered loading conditions on ventricular-vascular coupling and subsequent cardiac morphogenesis is unknown.
Geometric changes in the developing heart have been studied by various techniques. Cinephotography was used to study the onset of contraction and the morphological development of the chick heart.10,11 Investigators used planimetry of film images to calculate ventricular volumes and cardiac outputs in normal chick embryos.5-7 Photography has also allowed the measurement of embryonic ventricular function after acute volume loading,6 during hypoxia,12
and after chronic treatment with ethanol. 13 However, there are significant differences in the ventricular measurements reported in these previous studies. Hughes5 reported phasic volume curves for 2.5-12-day embryos and found that ED ventricular volume increases from 0.8 to 60 mm3. The use of formulas derived from models of solid geometry to process two-dimensional measurements of the embryonic heart has complicated the interpretation of these experimental results. Ventricular volume has been estimated by Simpson's rule for a prolate ellipse5"3 and a prolate spheroid.6 However, the progressive remodeling of the embryonic heart during cardiac morphogenesis precludes the use of simple geometric estimates of ventricular volume, and there is currently no experimental evidence to support their application to the chick embryo. Therefore, we reported the absolute values of perimeter, area, and conotruncal diameter and made no attempt to estimate ventricular volumes from these measures. We calculated the correlation of each epicardial measure to values for stroke volume measured by pulsed Doppler in separate experiments. Stroke volume measured by pulsed Doppler increases geometrically during cardiac development2 and reflects increasing ventricular performance. The high correlation of each epicardial measure with pulsed-Doppler-measured stroke volume supports the sensitivity of epicardial measures to changing ventricular function. Our results validate twodimensional measures of the embryonic heart versus an independent measure of cardiac function.
The ventricular border selected for planimetry has also varied among investigators. Hughes5 traced the endocardial border for embryos incubated up to 4 days and traced the epicardial border in older embryos. 
